INTRODUCTION
It can be stated with reasonable confidence that Soil-Structure Interaction (SSI) is by now a mature field and that the theory is well understood, especially the theory of linear SSI. Thus, advances in the near future may come about not so much from profound new insights and discoveries, i.e. from new deep knowledge, but the new results and understanding will emanate from technological improvements such as the exponential increase in the computational capabilities of modern personal computers, from improvements in instrumentation, data acquisition, soil sampling and field testing in general, and from the vast accumulation of earthquake records obtained by seismological stations as well as private networks, such as those in instrumented buildings.
BRIEF HISTORY
Among the early pioneers whose investigations had a profound influence on the field of SSI we can cite Kelvin, Stokes, Boussinesq, Cerruti, Lamb, and Mindlin. In the course of the 19 th and early part of the 20 th century, these scientists provided the theoretical framework and fundamental solutions, or Green's functions, that not only made the posterior development of SSI feasible, but which lie at the heart of the now widely used Boundary Element Method (BEM).
Properly speaking, the theory of SSI began in the 1930's with the publication of Reissner [1] on the vertical oscillations of a rigid disk on an elastic half-space, which he obtained by assuming stress distributions underneath the rigid plate as well as a smooth, frictionless contact between the plate and the soil. Some years later, Reissner and Sagoci [2] presented a rigorous solution for the torsional vibrations of circular, rigid, massless plate in contact with a homogeneous elastic half-space, for which they used oblate spheroidal coordinates, but these were only applicable to torsional problems. Later on in the 1950's, Quinlan [3] and Sung [4] , extended these solutions by considering more complicated stress distributions. During this same decade, Bycroft [5] and Warburton [6] also provided solutions for foundations underlain by a layer of soil of finite depth.
In the 1960's, Barkan [7] published the first book on dynamics of foundations, while Borodatchev [8] provided the first solution to the true mixed boundary value problem that results from prescribing rigidbody displacements underneath the stiff plate, and vanishing stresses beyond its edges on the half-space's free surface.
The beginning of the modern era in SSI can be said to have begun in the early 1970's with the publication of the profoundly influential papers of Luco & Westmann [9] , and of Veletsos & Wei [10] , which provided complete rigorous solutions to the problem of dynamically loaded circular plates underlain by elastic half-spaces. After these pioneering works made their appearance, the rate of progress of the state of the art of SSI took a rapid acceleration, which was driven mainly by the technical needs of the nuclear power and offshore industries. During this period, a number of fundamental concepts in SSI and its characteristics became firmly established, among the most important of which were [11] :
• The free field problem, including non-linear soil effects.
• The three-step solution, consisting in o Kinematic interaction o Stiffness functions o Inertial interaction After the 1970's, the literature on SSI increased and diversified enormously, and at present the state-ofthe-art encompasses a very broad set of disciplines that deal with the dynamic behavior of foundations of many kinds and shapes, including piles and caissons, constitutive modeling of soils under dynamic loads, soil liquefaction, earthquake engineering, experimental testing methods, and many more.
THE FREE-FIELD PROBLEM
The free-field problem deals with the prediction of the seismic motions expected at a given site before the soil has been excavated or any structure has been erected. Clearly, if it were impossible to make either a prediction or estimation of this motion, then the full SSI problem could not be solved. This sub-discipline is also very broad, and includes all of (but is not limited to) the following areas:
• Waves in layered media (Haskell [12] , Thomson [13] ), including wave amplification and deconvolution (Seed & Idriss [14] ) • Inelastic soil effects caused by earthquakes, attenuation, liquefaction • Diffraction of waves by topographic features, such as depressions, cliffs or hills • Waves in soil basins of various shapes (diffraction of SH, SV-P waves by homogenous alluvial deposits). Mostly cylindrical, elliptical and triangular wedges in two dimensions, but also wide and shallow valleys via BEM, and spherical or ellipsoidal valleys.
• Full scale simulations of waves in basins via FEM + transmitting boundaries • Field and statistical studies on spatial variations of ground motions Perhaps the best known computer program implementing some specific aspects of this problem is SHAKE, a code that has been widely used to asses the amplification and deconvolution of shear waves propagating vertically in horizontally layered soils which consist of arbitrary combinations of sands and clays.
THREE-STEP SOLUTION
The SSI models employed up through the early 1970's were relatively simple in the sense that they were restricted to systems for which the foundation rested directly on the surface of the half-space, and the seismic motion in the free field was invariant in horizontal planes (e.g. the motions resulted from waves propagating vertically in a laterally homogeneous soil). For such models, the intuitively obvious strategy of prescribing the free-field motion directly underneath the soil "springs" supporting the structure in a formulation in the frequency domain was both sufficient and rigorous. However, when discrete methods of analyses, such as finite elements, started being applied to SSI problems, and especially when embedded structures began to be considered, substantial discrepancies were observed between the results of such numerical analyses and those obtained with the classical analytical method, which demanded an explanation as to why the differences. This motivated the development in 1974 by Kausel & Roësset [16] , [17] of the so-called three-step solution, which provided the means to accomplish fully consistent comparisons between the solutions obtained by purely numerical models with finite elements and those by the lumped parameter method based on foundation impedances or "springs" and seismic motions underneath these springs. It should also be mentioned that this method is based on the principle of superposition, and is thus restricted to linear systems. In essence, the three steps in this method are:
• Kinematic interaction, which considers the response of the embedded foundation subjected to the seismic environment defined in the free field at the soil-structure interface before the soil has been excavated • Foundation stiffness, which stipulates determining the frequency-dependent impedances for the foundation embedded in the actual soil medium • Inertial interaction, where the actual structure is supported on the impedances determined in step 2, and is subjected at the base to the motions found in step 1. Details are well known and need not be elaborated further herein. Indeed, a considerable number of results covering a large variety of issues related to these various steps can now be found in the literature. Examples are: Kinematic interaction:
• Torsion of buildings caused by SH wave passage (the tau effect of Newmark [17] )
• Surface footings subjected to inclined waves that are vertically polarized (i.e. SVP waves), including surface waves • Cylindrical and prismatic footings subjected to arbitrary seismic environments • Close approximations for the motion of an arbitrarily shaped footing, which solely require knowledge of the free-field problem together with the stiffness functions (Iguchi's method [18] ).
Stiffness functions:
• Surface footings of various shapes (circular, rectangular, strip footings)
• Embedded footings (cylindrical etc.)
• Footings on half-spaces, strata, layered media, dipping layers • Effect of foundation flexibility • Single piles, pile groups, caissons • Multiple footings (structure-soil-structure interaction)
• Non-linear effects, such as partial lift-off SSI AS A MATURE FIELD As stated previously, the theory of SSI is now well understood, especially the theory of linear SSI. Thus, it is really no longer necessary to engage in fundamental research just to obtain specific results that may not be readily available in the literature. Instead, one can employ either available software to obtain these additional results, or lacking such programs, prepare without much ado a software package for that specific purpose at hand, and using existing techniques. Among these are Finite Elements with absorbing boundaries such as those obtained either with the Perfectly Matched Layer technique (PML), Boundary Elements (BEM), or the Thin Layer Method (TLM), and so on.
As an illustration, consider the problem of a circular footing resting on a homogeneous soil, which to a good first approximation can be idealized as an elastic half-space. As already mentioned, this problem was analyzed some three and a half decades ago by Luco et al and by Veletsos et al. However, these authors solely presented results for purely elastic media, and then again, only for a handful of Poisson's ratios (typically, these were ν = 0, 0.25, 0.33, and 0.45). Now, we know that the rocking stiffness coefficients change rather rapidly with Poisson's ratio. What if we need some other value, say for ν = 0.40, which is not included in the published results? What if the soil has damping? What if we need higher frequencies? And what if the plate is not circular, but has some other, perhaps irregular shape? Today, it is not difficult to formulate a problem of this kind in any of many programming languages (C++, F95, Matlab, etc.) so that it can be solved for any Poisson's ratio, perhaps excepting the incompressible solid (ν = 0.5). Furthermore, as mentioned previously, there exists any number of methods that one could use for this purpose, which means that there no longer exists any need for clumsy approximations that dispense with essential aspects of the problem at hand. Examples are the lumped parameter models where the soil is represented in terms of complex sets of springs, dashpots and masses, and the cone models, where the soil is reduced to a cone-shaped wedge subjected to one-dimensional wave propagation, the geometric and material parameters of which are difficult to establish unambiguously when the soil is layered and the foundation is embedded. Instead, it is just as easy and far more accurate to use the exact frequency-dependent impedances for the actual geometry and soil conditions, which can be obtained with off-the-shelf methods. In brief: Why bother with approximate models when rigorous methods are available?
CAVEATS
In this time and age of fast personal computers, it would seem that we could solve without much ado and in exquisite detail even enormous models of soil-structure systems. This is largely true as long as we deal with two-dimensional or axisymmetric systems subjected to linear soil behavior. However, in the case of large three-dimensional geometries, and even if we assume the models to remain fully elastic, we quickly encounter significant practical difficulties and barriers. Conceptually, it is not that we do not know how to solve these problems, but that the associated numerical models exhibit polynomial growth, and thus remain computationally infeasible, unless we take substantial short-cuts, such as allowing coarse elements, restricting our models to low frequencies, tolerating boundary artifacts, not to mention neglecting the inherent non-linearity of soils. We refer to this problem as the intrinsic numerical complexity.
For example, consider the models of wave propagation of the Los Angeles basin recently presented by Bielak [19] and his colleagues at Carnegie Mellon (similar analyses of wave propagation in the valley of Grenoble have also been carried out by Bard et al). These large-scale, three-dimensional simulations were accomplished using solid finite elements with absorbing boundaries, and the resulting discrete models contained millions of degrees of freedom. It is not surprising then that their evaluation should have required considerable computational time, on the order of days or weeks, even though fast supercomputers were used for this purpose. While the resulting visual simulations look impressive indeed, on closer inspection, one finds that the largest frequency that is propagated in these models is no larger than some 0.5 Hz. When one then considers that earthquakes have most of their power anywhere from 1 to 10 Hz, it becomes clear that a model capable of transmitting such frequencies would require billions of degrees of freedom, a feat that is clearly beyond the reach of modern computers, or of those in the foreseeable future.
A second problem, which we can refer to as intrinsic material complexity, has to do with the fact that, no matter how much effort and expense we should devote to that effect, we can never really know in glorious detail the mechanical characteristics of the soil at small and large strains, either over a wide region or at some specific fixed location. For example, the in-situ non-linear characteristics of soils in both loading and unloading cannot be measured unambiguously from either lab or field experiments ⎯or even with both methods combined⎯ simply because it is impossible for us to extract soil samples without seriously disrupting the soils' fabric and thus alter their constitutive properties. Indeed, the very concept of "undisturbed soil sample" is an oxymoron. While freezing and other modern soil extraction strategies may be helpful in obtaining samples from which orders of magnitude of the material parameters at large strains can be inferred, the results thus obtained have much uncertainty, especially from the point of view of wave propagation. Then again, the very act of excavating the soil and placing a structure at that location elicits additional disruptions of the soil, and seasonal variations caused by either ground freezing or depth of the phreatic surface (water table) could have substantial effects on guided waves and on wave amplification near the surface. For that matter, we never really know the state of stresses ⎯especially lateral stresses⎯ that exists in-situ either before or after the structure is in place, all of which places intrinsic limitations on how accurately we can model inelastic behavior with advanced numerical models. It is also clear that we can never test the soil throughout the entire vicinity of a structure, so our models can never fully account for spatial inhomogeneities such as lenses of sand or clay, boulders, undulating or dipping layers, and the like.
A third difficulty in SSI analyses relates to the intrinsic seismic complexity. By this we mean that we really never know ahead of time the full seismic characteristics that any actual earthquake will have in the free field. This uncertainty includes the amplitude and frequency content of the motions, the spatial variations due to wave content, focusing and mode conversions, the azimuth of propagation relative to the structure, the duration of strong motion, and so on.
To illustrate matters, consider the bridge over a river shown schematically in the figure above. This is a type of problem exhibiting irreducible complexity for which an "exact" answer does not exist. Let's review some of the difficulties that make this so. First, each pier rests on a complex piled footing, each of which would deserve all by itself an elaborate numerical model, yet there are several of these connected through both the soil and through the structure, and the piers rest at different levels and are surrounded by different soil conditions, not to mention that over time, the surface of the soil surrounding the piers may have partially eroded as a result of the river rushing by, or alternatively, sediments may have accumulated. Also, the soil layers are not horizontal but follow a complex contour in all three dimensions ⎯as does so also the horizon that defines the interface with the rock. In the vicinity of each pier some complex non-linear behavior may take place, such as separation between the piers (or piles) and the ground. To top matters of, the seismic motion is not only unknown in terms of how it propagates and reverberates within the plane of the bridge, but also how the waves propagate in relation to the axis of the valley, and how the geometry of the valley changes in the third direction and thus affects wave propagation. Of course, none of this prevents us from actually estimating SSI effects for a system of this kind by means of models based on simplifying assumptions, and then designing the structure adequately for seismic effects. The point here is that one cannot construct a three-dimensional finite element representation of this problem and then delude oneself into believing that the solution thus obtained is rigorous. In the light of the three intrinsic limitations on numerical, material and seismic complexities, we conclude that most practical SSI problems are answerable only in a probabilistic sense.
On the other hand, increases in model complexity frequently lead us to ever diminishing returns in the robustness of our analyses, inasmuch as we cannot overcome the previously cited intrinsic limitations just by recourse to further model refinements. An example is the influence of poroelastic effects on foundation response via Biot's equations. Recent papers dealing with such extended models have often failed to calibrate their models for a soil of very low permeability against those of linear elasticity, and also the results presented have generally been evaluated for unrealistic values of the hydraulic conductivity, namely those that maximize the effects of poroelasticity. More likely, if the permeability is low, then the pore fluid will have no time during seismic vibrations to move about within the interstitial voids, and the behavior will be mainly undrained. Conversely, if the permeability should be very high, then the fluid will be able to move freely about the pore spaces, and the soil behavior will change to fully drained. Either way, diffusion is not important, in which case poroelastic effects are not relevant. Thus, a researcher writing a paper on the topic should ponder and provide a satisfactory answer as to the circumstances under which ⎯other than when liquefaction is a consideration⎯ the slow diffusion processes in poroelasticity will be of any importance to SSI and seismic analyses. Similar considerations apply to other model refinements.
EXPERIMENTS
A common practice in engineering science to overcome ignorance on aspects of a problem, to sidestep the intrinsic limitations of analytical models, or to calibrate phenomenological models, is to resort to elaborate experimental tests in the laboratory or in the field. Even here, however, care is needed to avoid the unrealistic and naïve expectations that result from "linear thinking", inasmuch as there are limits of what can actually be accomplished by means of tests. Grandiose plans to carry out expensive, large-scale experiments in centrifuges, shaking tables and the like may often fail their objectives, either because the material parameters in the lab are not representative of actual field conditions, because there may be unintended parasitic vibrations and box effects in the centrifuges, or because large strains will have been elicited by pile driving, and so on. Thus, it is essential for us to design experiments carefully and identify the tools and equipment needed so as to obtain statistically meaningful results that are applicable to, and representative of, actual field conditions. As an illustration, consider the following examples.
In recent years, the US Congress allocated large sums of money, on the order of 10 8 US dollars, to accomplish the modernization of large scale testing equipment at American universities, which was mostly spent to increase and enlarge the capability of existing shaking tables, centrifuges and the like, but also to acquire and place into service some new equipment, such as large trucks intended to elicit ground vibrations. At the same time, a new bureaucratic institution (NEES) was created to administer the allocation of grants for the use of these facilities. A fundamental problem with this approach is that it was akin to "placing the carriage in front of the horses". Indeed, the allocated money was first spent on equipment and then the research community asked to figure out what to do with it, instead of asking the scientists, What are the great unsolved problems in Civil Engineering and what is the equipment needed to solve those problems?
In the course of this conference, a participant presented the results of a numerical investigation that showed how partial saturation might ameliorate of prevent soil liquefaction. Yet, at no time did this researcher ask himself the practicality of his research, i.e. how partial saturation could realistically be accomplished in the field as a preventive or remediation measure. So, what was learned from that research? These are questions that ought to be answered before engaging in research.
In summary, it behooves for engineering scientists to carry out reality checks before embarking on blind expeditions that simply throw large sums of money at a problem without looking at what can be learned or gained.
WHERE NEXT?
It would be presumptuous on my part if I pretended being able to look into a crystal ball and anticipate the type of research that will, or must be accomplished, especially considering the enormous breadth of the field. Still, I can share herein a few thoughts on the matter of future needs in SSI.
First, there is still much ignorance on the uncertainty of simplified algorithms vis-à-vis the elaborate nonlinear constitutive models used in SSI. Indeed, no comprehensive or systematic investigations exist yet for large classes of problems, say surface foundations on stiff versus soft formations, or shallow and deeply embedded structures, circular vs. non-circular foundations, importance of lateral wall contact, pile foundations, spread footings and their cross-interaction through the soil, and so on. Also, it is not known to what extent one can use linear methods, such as the three-step approach, when moderate non-linearity can be expected. For that matter, even the very concept of "moderate non-linearity" is not yet well defined. Thus, it is still difficult for the practicing engineer to decide the models which are appropriate for certain types of problems.
Secondly, the seismological community is now actively working on the prediction of ground motions in a fairly broad band up to 10 to 15 Hz, which include information on the spatial variability of ground motions as well as their probabilistic description. These studies should greatly help in reducing some of the intrinsic uncertainties in ground motions referred to in an earlier section. It remains to be seen how the results of these studies can be used by the SSI community to improve its ability to more accurately describe the free-field problem under various local soil conditions, perhaps in the context of probabilistic models.
Thirdly, there is a need as well as opportunity to review and take advantage of the enormous abundance of experimental data collected around the world up to this moment in time, and use it to calibrate and qualify models for SSI. During this process, it will be essential to demonstrate the effectiveness and robustness of the method under examination for a broad range of conditions, and not simply for one or two ideal conditions. Finally, there is a need to bridge the knowledge gap between the results of small to medium scale experiments under controlled, ideal laboratory conditions, and actual observations on the behavior of large scale structures under field conditions. Toward this goal, researchers should routinely make "Class A" predictions concerning their experiments and observations, that is, they ought to use the tools available to make a-priori predictions of what will (or should) be observed on the basis of what can be measured, and avoid the temptation to fit a model to the results by adjusting the parameters until the predictions and observations agree. Only then will the full extent of our ignorance become apparent.
CONCLUSIONS
In the past four decades or so, we have gained enormously in our ability to model analytically and numerically the complex vibration problems that relate to the interaction of soils and structures, and to measure SSI effects in the laboratory and in the field. Despite ⎯or perhaps because⎯ of these successes, we must learn to temper the temptation to use models whose complexity exceeds the knowable and the measurable. Inappropriate sophisticated tools will always give very precise answers, but to the wrong problem.
